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Abstract:  The  output  of  high  power  fiber  amplifiers  is  typically  limited  by 
stimulated  Brillouin  scattering  (SBS).  An  analysis  of  SBS  with  a  chirped 
pump  laser  indicates  that  a  chirp  of  2.5  x  1015  Hz/s  could  raise,  by  an  order 
of  magnitude,  the  SBS  threshold  of  a  20-m  fiber.  A  diode  laser  with  a 
constant  output  power  and  a  linear  chirp  of  5  x  1015  Hz/s  has  been 
previously  demonstrated.  In  a  low-power  proof-of-concept  experiment,  the 
threshold  for  SBS  in  a  6-km  fiber  is  increased  by  a  factor  of  100  with  a 
chirp  of  5  x  1014  Hz/s.  A  linear  chirp  will  enable  straightforward  coherent 
combination  of  multiple  fiber  amplifiers,  with  electronic  compensation  of 
path  length  differences  on  the  order  of  0.2  m. 
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1.  Introduction 

Stimulated  Brillouin  scattering  (SBS)  is  a  major  factor  limiting  the  output  power  of  a  fiber 
laser.  In  a  lossless,  passive  fiber,  SBS  occurs  when  the  product  of  fiber  length,  L,  intensity,  /, 
and  Brillouin  gain  reaches  a  threshold  value.  The  intensity  can  be  approximated  by  I  =  P/A  , 
where  P  is  the  incident  laser  power  and  A  is  the  mode  area.  We  denote  by  g0  the  gain 
experienced  by  a  Stokes  wave  on  line  center,  in  the  case  of  a  narrowband  laser.  If  the  laser 
linewidth,  AvL,  is  large  compared  to  the  Brillouin  linewidth,  AvB,  the  Brillouin  gain  is  given 
approximately  by  gef[  =  g0At'B  / AvL.  Techniques  to  suppress  SBS  while  maintaining 
fundamental  mode  operation  include  increasing  the  mode  area  while  reducing  the  numerical 
aperture  [1],  increasing  A vL  via  phase  modulation  [2-4],  laser  gain  competition  [5],  and 
using  highly  doped  fibers  to  absorb  the  pump  light  in  a  short  length  to  minimize  L.  A 
combination  of  these  techniques  has  yielded  10  kW  from  a  single-mode  fiber  master 
oscillator  power  amplifier  [6].  However,  the  ~2-THz  output  bandwidth  implies  that  to 
coherently  combine  multiple  amplifiers,  path  lengths  will  have  to  be  matched  to  -10  pm. 

In  this  paper,  we  show  that  a  laser  with  a  linear  frequency  chirp  on  the  order  of  1015  Hz/s 
can  suppress,  by  an  order  of  magnitude,  the  SBS  in  a  high  power  fiber  amplifier.  In  addition, 
it  will  allow  coherent  combination  of  multiple  amplifiers  and  electronic  compensation  of  path 
length  differences  on  the  order  of  0.2  m.  As  a  proof  of  principle,  we  demonstrate  a  factor  of 
100  suppression  of  the  SBS  gain  in  a  6-km  fiber,  with  a  chirp  of  5  x  1014  Hz/s. 

SBS  is  also  a  limiting  factor  in  long-distance  fiber  telecommunications.  SBS  has  been 
suppressed  by  a  factor  of  2.3  in  a  14-km  fiber  by  tapering  the  core  from  8  to  7  pm,  which 
varied  the  Stokes  shift  by  49  MHz  [7].  Varying  the  core  diameter  is  not  an  option  for  high 
power  fiber  lasers,  because  the  Stokes  shift  in  a  large  30-pm  core  has  a  negligible  dependence 
on  diameter.  Instead,  photonic  crystal  fibers  have  recently  been  made  with  a  radially 
segmented  core  that  flattens  the  Brillouin  gain  [8].  Random  acoustically  microstructured 
fibers  [9]  and  acoustic  anti-guiding  fibers  [10]  have  also  been  shown  to  reduce  the  peak  SBS 
gain.  The  method  we  propose  here  will  work  in  conjunction  with  these  fibers. 

Recently,  two  ytterbium  (Yb)  fiber  amplifiers  were  actively  phase  locked  to  a  common 
oscillator,  but  the  25-GHz  oscillator  bandwidth  means  that  the  amplifier  path  lengths  have  to 
be  mechanically  matched  to  ~1  mm  [11],  The  advantage  of  our  seed  with  a  well-defined 
linear  chirp  is  that  path  length  differences  can  be  electronically  compensated  with  an  acousto¬ 
optic  frequency  shifter  controlled  by  an  optoelectronic  phase  locked  loop.  Similar  optical 
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phase-locked  loops  have  already  been  developed  to  coherently  combine  multiple  (non- 
chirped)  diode  lasers  [12-16]. 

2.  Theory 

Consider  a  laser  wave  at  frequency  vL  propagating  in  the  +z  direction  in  a  fiber,  amplifying 
a  counter-propagating  Stokes  wave  consisting  of  a  superposition  of  frequencies,  v  ,  that  are 
independent  in  the  undepleted  pump  regime.  For  homogeneous  broadening,  the  steady-state 
Brillouin  gain  has  a  Lorentzian  frequency  dependence  with  a  maximum  at  vL  -  Q  and  a  full 
width  at  half  maximum  of  AvB: 


g{v)  =  - 


rv-v^+Cl^ 


1  + 


v  Avb/2 


where  Q  is  the  Stokes  shift.  A  linearly  chirped  laser  beam  can  be  represented  by 

L  -z 
c  /  n 


^{z,t)  =  v0+p  \t  + 


(1) 


(2) 


where  ft  is  the  chirp  rate.  We  use  n  =  1.45  for  the  refractive  index.  In  the  presence  of  a  chirp, 
the  situation  will  be  dynamic,  but  for  chirps  less  than  the  square  of  the  phonon  rate,  we 
expect  (1)  to  be  a  good  description  of  the  interaction  (see  the  Appendix).  In  this  case,  each 
frequency  component  of  the  counter-propagating  Stokes  wave  will  experience  a  gain  given  by 


i{8,z)  = 


where  8  is  the  offset  from  resonance,  i.e.  8  =  v-v0  +fl  g  (z  )  is  plotted  in  Fig.  1  for  the 
case  L  =  17.5  m,  i.e.,  a  15-m  amplifier  followed  by  a  2.5-rn  delivery  fiber,  A  vB  =  20 MHz, 
and  several  values  of  the  chirp.  A  Stokes  frequency  starting  on  resonance,  i.e.,  with  <7  =  0, 
will  experience  a  gain  that  decreases  with  propagation  in  the  —z  direction  as  it  moves  away 
from  resonance  (dashed  line  in  Fig.  1).  For  /3  >  0,  a  Stokes  frequency  with  8  >  0  will 
initially  see  an  increase  in  gain,  then  a  maximum  at  resonance  with  the  pump,  followed  by  a 
decrease  (solid  lines  in  Fig.  1).  The  frequency  that  experiences  the  largest  net  gain  over  the 
length  of  the  fiber  will  be  offset  from  resonance  by  <7opt  =  fir,  where  r  is  the  transit  time  of 

the  fiber,  and  it  will  have  its  peak  gain  at  z  =  L  /  2. 


_ go _ 

8- 2f3n(L  - z)/c N 
A  vB  /  2 
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Fig.  1.  Normalized  SBS  gain  coefficient  vs.  position  in  a  17.5-m  fiber,  for  various  chirps  and 
Avb  =  20  MHz.  The  Stokes  wave  propagates  from  z  =  L  to  z  =  0.  The  dashed  line  shows  the 
gain  for  a  chirp  of  1015  Hz/s,  at  a  Stokes  frequency,  which  is  resonant  with  the  laser  at  z  =  L. 
The  solid  lines  correspond  to  the  Stokes  frequencies  that  experience  the  highest  integrated  gain 
for  each  value  of  the  chirp. 


In  the  small-signal  regime,  for  a  laser  intensity  that  is  uniform  in  z„  each  Stokes  frequency 
will  experience  exponential  gain  over  an  effective  length  given  by 


L. 


(£)  =  —  fg  (5,z)tfe  = 

8  o  o 


Avb  c 

4n/? 


tan 


AvB  /  2 


--tan 


_!  5-2/?z~ 
AvB/2 


(4) 


For  P  — »  0,  L  eff  reduces  to  L.  For  a  large  chirp,  Leff  — »  /zA  vb  c  /  4 n //.  L clT  is  shown  in  Fig. 
2  for  two  values  of  AvB  and  two  values  of  L,  at  £  ,  i.e.,  the  worst-case  scenario  for  the 
amplifier.  For  AvB  =  20 MHz  and  L  =  17.5  m,  the  maximum  SBS  gain  is  reduced  by  a  factor 
of  six  for  a  chirp  of  1015  Hz/s  and  by  a  factor  of  60  for  P  =  1016  Hz  /  s. 

An  important  feature  of  this  scheme  is  that  long  delivery  fibers  can  be  accommodated.  As 
an  example,  for  AvB  =  20 MHz,  and  P  =  1 01'  Hz/s,  the  effective  length  at  c)')pl  equals  3  m 
for  both  a  17.5-m  fiber  and  a  35-rn  fiber.  Once  the  chirp  has  reduced  Lcff  to  a  fraction  of  L. 
doubling  the  fiber  length  does  not  increase  the  net  Brillouin  gain. 
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Fig.  2.  Plot  of  Lcts  vs.  chirp,  at  5opt,  for  several  values  of  Avb  and  L. 


A  plot  of  Lcff  versus  offset  (Fig.  3)  shows  that  as  the  chirp  increases  the  optimum  offset 
increases,  the  gain  at  the  optimum  offset  decreases,  and  the  gain  bandwidth  broadens. 


Fig.  3.  Plot  of  Lett  vs.  Stokes  offset  frequency,  for  Avb  =  20  MHz  and  L  =  17.5  m. 

The  total  power  in  the  Stokes  wave  can  be  estimated  by  integrating  the  exponential  gain 
over  a  frequency  range  of  2/?r  + AvB  centered  at  S  ,  and  assuming  a  constant  seed  spectral 
density, 

=AeodjeXP[go/pumpLeff  {S)]dS. 

The  seed  density  is  given  by  /9,eed  =-/?Bp.Pin /(2/?r  +  AvB),  where  R  Bp  is  the  Brillouin 
reflectivity  in  the  spontaneous  regime.  Even  though  the  integral  of  Lcff  (A)  is  independent  of 
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p.  the  Stokes  power  decreases  strongly  with  chirp  because  PB  is  a  nonlinear  function  of 
So  ^pump  ^eff  (£)•  We  next  calculate  the  threshold  as  a  function  of  chirp,  defining  the 
threshold  laser  power  to  be  that  which  yields  a  Brillouin  backscattered  power  equal  to  10“4 
times  the  incident  laser  power,  and  using  RB  =l(r6.  For  a  fiber  core  diameter  of  27.5  pm, 
L  =  17.5m,  =  20 MHz,  and  geff  =  0.24cm/GW,  the  threshold  is  independent  of  chirp 

below  1013  Hz/s  and  rises  by  a  factor  of  35  at  //  =  1016  Hz/s  (Fig.  4).  Note  also  that  for  chirps 
above  1015  Hz/s,  the  threshold  does  not  increase  even  for  an  85-m  delivery  fiber. 


Fig.  4.  SBS  threshold  vs.  chirp,  for  Avb  =  20  MHz  and  three  different  fiber  lengths. 

3.  Experiment 

The  SBS  suppression  has  been  measured  by  directing  a  chirped  pump  beam  to  a  6-km  single 
mode  fiber  using  a  circulator  and  measuring  the  reflected  power  with  a  photodiode  (Fig.  5). 
The  mode  field  diameter  of  the  fiber  is  8  pm. 


Fig.  5.  Experimental  layout  for  observing  SBS  suppression.  A  chiiped  diode  laser  is  amplified 
in  an  erbium-doped  fiber  amplifier  and  then  directed  to  the  fiber  under  test  (FUT)  using  a 
circulator. 

The  seed  laser  is  a  1.5-pm  vertical-cavity  surface-emitting  laser  (VCSEL)  with  a  current 
that  is  controlled  by  an  optoelectronic  phase-locked  loop  that  incorporates  a  fiber  Mach- 
Zehnder  interferometer  [17],  The  frequency  waveform  is  triangular,  with  a  range  of  up  to  500 
GHz  and  a  period  as  short  as  100  ps.  The  chirp  can  be  varied  between  1014  Hz/s  and  5  x  1015 
Hz/s.  The  output  power  is  kept  constant  at  2  mW  using  a  feedback  loop  that  incorporates  a 
semiconductor  optical  amplifier.  The  resulting  power  spectrum  is  extremely  flat  (Fig.  6). 
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Fig.  6.  Power  spectrum  of  the  chiiped  diode  laser. 


The  power  reflected  from  the  fiber  under  test,  Pout,  has  contributions  from  Rayleigh  and 
Brillouin  scattering.  At  each  chirp,  below  the  SBS  threshold,  Pout  is  linearly  proportional  to 
Pm,  indicating  that  spontaneous  Rayleigh  scattering  is  the  dominant  source  (Fig.  7).  At  zero 
chirp,  the  output  power  rises  sharply  at  the  SBS  threshold  of  20  mW.  For  a  chirp  of  1014  Hz/s, 
the  threshold  increases  to  0.4  W.  For  a  chirp  of  5  x  1014  Hz/s,  the  threshold  increases  to  2  W, 
clearly  establishing  the  scaling  law.  The  rollover  in  Pout  at  the  higher  values  of  PB  is  due  to 
pump  depletion. 

The  solid  curves  in  Fig.  7  are  simulations  based  on  (5).  The  dashed  line  represents  the 
backscattered  Rayleigh  power,  PR.  We  determined  the  value  Pa  /  PR  =1 .5  x  10  2  below 
threshold  using  an  optical  spectrum  analyzer.  The  value  of  g0  =5x10  12  m/W  was  chosen  to 
fit  the  zero-chirp  data.  The  Brillouin  linewidth  AvB  =110MHz  was  chosen  to  fit  the  low 
chirp  data.  The  simulation  curves  do  not  roll  over  because  the  calculation  made  use  of  the 
small-signal  gain  approximation,  i.e.,  it  neglects  pump  depletion. 


chirp  (Hz/s) 

•  0 

•  1E14 

•  2E14 

•  5E14 
- Rayleigh 


Fig.  7.  Backscattered  power  vs  incident  power  for  a  6-km  single  mode  fiber  with  an  8-pm 
mode  field  diameter.  The  symbols  are  the  experimental  data  taken  at  chirps  of  p  =  0,  1014,  2  x 
1014,  and  5  x  1014  Hz/s.  The  curves  are  calculations  of  the  backscattered  Brillouin  power  for  p 
=  1011  -  1015  Hz/s  (left  to  right).  The  dashed  line  is  the  backscattered  Rayleigh  power. 
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An  independent  high-resolution  measurement  of  AvB  was  made  with  a  distributed 
feedback  laser,  balanced  photodiode  and  electronic  spectrum  analyzer,  which  allowed  us  to 
separate  the  Rayleigh  and  Brillouin  components  [18].  Care  was  taken  to  be  in  the  spontaneous 
regime.  The  Brillouin  spectrum  has  a  width  of  39  MHz  (Fig.  8),  comparable  to  other  recent 
measurements  at  1.5  pm  [19]. 


Frequency  (GHz) 


Fig.  8.  Spontaneous  Brillouin  power  spectrum  for  the  6-km  single  mode  fiber. 


4.  Discussion 


This  technique  has  a  qualitative  resemblance  to  chirped  pulse  amplification,  wherein  pulses 
are  chirped  and  stretched  to  lower  the  intensity  and  avoid  self-focusing  in  a  solid-state 
amplifier.  Here,  we  are  proposing  to  chirp  a  continuous  wave  seed  laser  to  suppress  SBS  in  a 
fiber  amplifier. 

If  the  SBS  gain  in  a  10  -  20  m  fiber  amplifier  turns  out  to  be  much  broader  than  the  39- 
MHz  value  that  we  measure  for  single  mode  fiber,  faster  chirps  will  be  required.  We  believe 
that  through  further  development  of  the  chirping  technique  ft  can  be  increased  to  1016  Hz/s  to 
offset  an  increase  in  AvB.  A  possible  means  to  achieve  linear  frequency  chirps  with  even 
higher  chirp  rates  is  by  four- wave-mixing  [20]. 

SBS  is  also  a  concern  in  fiber  optic  parametric  amplifiers.  When  information  transmission 
and  signal  integrity  are  important  criteria,  a  frequency-hopped  chirp  can  be  used  to  suppress 
SBS  with  high  bandwidth-efficiency  [21]. 

The  value  for  g0  determined  from  fitting  the  data  in  Fig.  7  is  a  factor  of  three  lower  than 
the  value  measured  in  [18]  using  a  different  technique.  The  discrepancy  may  be  due  to  errors 
in  calibration,  the  use  of  acousto-optic  effective  area  in  [18],  and  also  the  ~30  MHz 
bandwidth  of  our  unchirped  laser.  The  intrinsic  laser  bandwidth  may  also  enter  into  the 
determination  of  At'B  from  fitting  the  data  in  Fig.  7.  This  could  explain  the  discrepancy  with 
the  independent  measurement  in  Fig.  8. 

For  coherent  combining  of  multiple  amplifiers,  the  transient  phase  variations  intrinsic  to 
the  fiber  amplifier  have  to  be  in  a  frequency  range  that  a  phase-locked  loop  can  follow.  The 
power  scaling  of  the  phase  noise  spectrum  at  the  output  of  a  10-W  Yb  fiber  amplifier  [22] 
suggest  that  the  1-MHz  bandwidth  phase-locked  loops  already  developed  will  be  sufficient 
for  multi -kW  lasers  [13-16]. 

A  major  advantage  of  the  linear  chirp  for  coherent  combining  is  that  it  allows  for  a 
straightforward  compensation  of  path  length  differences  by  preceding  each  amplifier  with  an 
acousto-optic  frequency  shifter  (AOFS)  [23].  The  longest  path  length  difference  that  can  be 
compensated  will  be  limited  by  several  factors.  The  range  of  the  AOFS  will  impose  a  limit  of 
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A  typical  range  is  A  i'inax  =  10MHz.  At  a  chirp  of  1015  Hz/s,  this  would  yield  ALmax  <  2m. 
Considering  that  other  factors  may  enter,  a  conservative  estimate  would  be  ALinax  <  0.2  m. 

Due  to  the  exponential  nature  of  the  Brillouin  gain,  any  variation  (or  structure)  in  the 
spectrum  of  g  I L  lowers  the  SBS  threshold.  Sinusoidal  phase  modulation  of  a  narrowband 
laser  introduces  side  bands,  giving  the  Brillouin  gain  spectrum  a  high  peak-to-average  ratio. 
Large  amplitude  phase  modulation  of  the  laser  via  pseudo-random  bit  sequences  is  one 
attempt  to  flatten  the  gain  spectrum  [24].  A  salient  characteristic  of  the  linear  chirp  is  the 
uniformity  of  the  Stokes  gain  spectrum  (Figs.  3,  6).  This  means  that  a  tenfold  increase  of  the 
SBS  threshold  of  a  17.5-m  fiber  can  be  obtained  with  a  chirp  of  2.5  x  1015  Hz/s  (Fig.  4), 
which  would  broaden  the  effective  gain  spectrum  to  only  340  MHz,  as  compared  to  the  ~3 
GHz  bandwidth  required  when  using  phase  modulation  [4]. 

5.  Conclusion 

Our  analysis  shows  that  a  linearly  chirped  diode  laser  seed  has  the  potential  to  significantly 
suppress  the  SBS  that  is  currently  limiting  the  output  power  of  narrow-linewidth  fiber 
amplifiers.  Experiments  at  ~3  W  with  a  passive  6-km  fiber  are  in  agreement  with  estimates 
based  on  a  simple  model.  Extrapolating  to  a  17.5-m  fiber  and  20-MHz  Brillouin  bandwidth, 
we  anticipate  a  factor  of  ~20  increase  in  SBS  threshold  for  a  chirp  of  5  x  1015  Hz/s. 

Appendix 

The  purpose  of  the  following  analysis  is  to  estimate  the  maximum  chirp  for  which  (1)  would 
be  a  useful  estimate  of  the  interaction  between  a  chirped  laser  and  Stokes  wave.  In  the  slowly 
varying  envelope  approximation,  we  expect  the  interaction  within  a  single  mode  fiber  to  be 
described  by  coupled  partial  and  ordinary  differential  equations  for  the  envelopes  of  the  laser 
field,  El,  the  Stokes  field,  Es,  and  the  acoustic  wave  amplitude  p.  Consider  a  short  length 
of  fiber  within  which  EL  and  Es  are  known.  In  regions  of  the  fiber  where  the  contribution  of 
thermal  phonons  can  be  neglected,  the  system  of  equations  reduces  to 

— —  =  ——  +  i  A  El  E's  exp  (i  7rj3t2), 

dt  t  v  '  (7) 

where  a  phase  equal  to  the  integral  of  the  chirp  has  been  added  to  EL.  Here  r  is  the  phonon 
decay  time,  and  A  is  the  acoustic  coupling  parameter.  We  numerically  integrate  (7)  over  the 
interval  t  to  t  =  - 1 0/ r ft .  with  the  initial  condition  p  =  0.  The  solution  is  then 

normalized  to  the  phase  of  the  laser  field,  and  to  the  magnitude  of  the  steady-state  solution  in 
the  absence  of  chirp,  i.e.,  we  consider  pn  =  p exp ( —i  nfh  2  E lEs.  For  each  chirp,  time  t 

can  then  be  re-scaled  to  frequency  vs  using  (2).  v  represents  the  offset  from  resonance,  i.e. 
v  =  vL  —  vs  -  Q.  Therefore,  /X  v )  represents  the  response  of  the  medium  in  the  neighborhood 
of  resonance,  given  that  the  laser  field  is  in  the  middle  of  a  frequency  sweep.  The  exponential 
gain  coefficient  g(v)  is  proportional  to  the  imaginary  part  of  pn  (Fig.  9),  which  has  an 
approximately  Lorentzian  shape  even  at  3  x  1015  Hz/s.  This  confirms  our  expectation  that  the 
steady  state  gain  in  (1)  would  be  useful  up  to  chirps  approximately  equal  to  the  Brillouin 
bandwidth  squared.  We  note  here  that  the  integral  of  Im(p)  is  independent  of  chirp. 
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Fig.  9.  Frequency  dependence  of  Im(p),  normalized  to  the  zero-chirp  steady-state  value,  for 
different  values  of  the  chirp,  and  x  =  10  ns. 

Acknowledgments 

This  work  has  been  supported  by  High  Energy  Laser  Joint  Technology  Office  contract  11- 
SA-0405.  We  are  also  grateful  for  continuing  technical  input  from  Scott  Christensen,  John 
Edgecumbe,  and  Imtiaz  Majid  at  Nufern. 


#168210  -  $15.00  USD  Received  1 1  May  2012;  revised  13  Jun  2012;  accepted  15  Jun  2012;  published  27  Jun  2012 
(C)  2012  OS  A  2  July  2012/ Vol.  20,  No.  14  /  OPTICS  EXPRESS  15881 


